ABSTRACT The principal role of acetylcholinesterase is termination of nerve impulse transmission at cholinergic synapses, by rapid hydrolysis of the neurotransmitter acetylcholine to acetate and choline. Its active site is buried at the bottom of a deep and narrow gorge, at the rim of which is found a second anionic site, the peripheral anionic site. The fact that the active site is so deeply buried has raised cogent questions as to how rapid traffic of substrate and products occurs in such a confined environment. Various theoretical and experimental approaches have been used to solve this problem. Here, multiple conventional molecular dynamics simulations have been performed to investigate the clearance of the product, thiocholine, from the active-site gorge of acetylcholinesterase. Our results indicate that thiocholine is released from the peripheral anionic site via random pathways, while three exit routes appear to be favored for its release from the active site, namely, along the axis of the active-site gorge, and through putative back-and side-doors. The back-door pathway is that via which thiocholine exits most frequently. Our results are in good agreement with kinetic and kinetic-crystallography studies. We propose the use of multiple molecular dynamics simulations as a fast yet accurate complementary tool in structural studies of enzymatic trafficking.
INTRODUCTION
The principal role of acetylcholinesterase (AChE) is the termination of nerve impulse transmission at cholinergic synapses by rapid hydrolysis of the neurotransmitter acetylcholine (ACh) (1, 2) . In a first step, the enzyme is acetylated and choline (Ch) is released; a water molecule then regenerates the free enzyme with concomitant release of acetic acid (3) (see Scheme 1) . In accordance with its function, AChE is an extremely rapid enzyme, especially for a serine hydrolase, operating at a rate approaching that of a diffusioncontrolled reaction (3) . Being an essential enzyme, AChE is the target of a variety of potent natural and synthetic toxic compounds, ranging from organophosphorus nerve agents and insecticides to the first generation of anti-Alzheimer drugs (2) .
The first crystal structure of an AChE, that of Torpedo californica (Tc) (4) , revealed that the catalytic anionic site (CAS) nestles near the bottom of a deep and narrow gorge lined by the rings of 14 aromatic residues. At the rim of this gorge, a peripheral anionic site (PAS) contributes to catalytic efficiency by transiently binding substrates en route to the acylation site (5, 6) .
Due to the unusual catalytic power of AChE (1000-10,000 s À1 , depending on the species), the deep confinement of its active site came as a surprise. Consequently, the trafficking of substrate and products within the active-site gorge has been the subject of intensive research, accompanied by considerable controversy, aimed at understanding how AChE's unusual structure is related to its function (7, 8) . Midway between the PAS and the CAS, a bottleneck is formed by the aromatic rings of the conserved aromatic residues, F330 and Y121 (residue numbers refer to TcAChE throughout the manuscript unless stated otherwise) ( Fig. 1 ) (9, 10) . The cross-section of the bottleneck in the crystal structure of native TcAChE is substantially smaller than that of the Ch moiety of ACh, implying that substantial breathing motions must occur for either ACh or Ch to enter or exit the CAS (9, 11) . This contention was substantiated both by steered molecular dynamics (MD) simulations (12, 13) and by kinetic crystallography (14) . Both X-ray crystallography (5, 10, 15) and MD simulations (16) (17) (18) provide evidence that F330 fulfills a gating role, restricting access to the CAS when the latter is occupied.
Aligned with the gorge is a strong electrostatic gradient (19, 20) , which has been suggested to be involved in attraction of the positively charged ACh toward the active site. Similarly, this gradient should restrain the exit of the product, choline (Ch) (21) . This paradox led to the suggestion that an alternative back-door exit for Ch might exist, adjacent to the CAS (19, 22) , for which supporting evidence was obtained by MD simulations (22) (23) (24) . It was proposed that the back-door would open as a result of the concerted movement of the side chains of W84, V129, and G441, generating the transient opening of a channel connecting the CAS to the bulk. Subsequent MD studies have provided further evidence for a repertoire of back-and side-doors (25, 26) , mainly contributed by fluctuations of residues within the U loop (C67-C94) (27) (28) (29) (30) (31) (32) . Recent kinetic crystallography studies have provided experimental evidence for the existence of both back-and side-doors (14, 33) .
In this study, we utilize conventional MD simulations (without applying any artificial force or potential to the simulation system) to explore the traffic of thiocholine (TCh) within the active-site gorge of TcAChE, using as a starting model the crystal structure of a complex of TcAChE in which TCh is bound at both the CAS and the PAS (Protein Data Bank (PDB) entry 2c5g). TCh is generated enzymatically by hydrolysis of the chromogenic substrate, acetylthiocholine (ATCh), which displays kinetic properties virtually identical to those of ACh, and is employed in the vast majority of kinetic studies on AChE (34) . Three simulation groups were considered, in which TCh was bound at the CAS, at the PAS, or at both sites. Forty 20-ns trajectories were run for each simulation group. While the TCh at the PAS detaches in a random fashion, and is not able to penetrate to the CAS, the TCh bound at the CAS can exit the gorge via three pathways-namely, the active-site gorge, and the proposed back-and side-doors, in good agreement with the kinetic crystallography data (14, 33) . Interaction with the aromatic residues F330 and W84 is shown to be crucial for the selection of the exit pathways.
METHODS
The 0.195-nm resolution crystal structure of the complex of TcAChE with two TCh molecules, one bound at the CAS, and the other at the PAS (PDB entry: 2c5g) (5), provided the starting model for our simulations. Three simulation groups were considered. In group I, only the TCh molecule at the CAS, TCh C , is present initially; in group II, only the TCh molecule at the PAS, TCh P , is present initially; in group III, both TCh C and TCh P are present. The protein was inserted, together with crystal waters and the TCh molecule(s), into a box of dimensions 8.96 Â 8.52 Â 8.41 nm 3 . The box was solvated by use of a simple point charge water model (35) , and the resulting solvated box was then submitted to energy minimization. Counterions were subsequently added to provide a neutral simulation system. Energy minimization was then repeated on the whole system.
After convergence had been reached, the solvent, the counterions, the protein, and the TCh molecules were sequentially coupled to a temperature bath at 300 K (36) . A 20-ns simulation was then performed on the whole system. In total, forty 20-ns trajectories, in which different random initial velocities were assigned to each atom of the simulation system (36), were run for each simulation group. In group I, the simulation time was extended to 100 ns for two trajectories in order to see the full exit pathway of TCh C .
To evaluate the contribution of electrostatic interactions to the trajectories of TCh C and TCh P , three additional 20-ns simulations were run in group III, in which the charges of the side-chain carboxyl oxygen atoms of 1), D285, 2), D72, E73, E273, E276, and D285, and 3), all acidic residues in the enzyme, were set to zero. Finally, a 100-ns simulation was run on group III, in which the quaternary nitrogen atoms of the two bound TChs were replaced by carbon atoms to yield noncharged mutated TCh molecules, thus enabling us to investigate the effect of the positive charge of TCh on its exit trajectories.
The MD simulations were carried out with the GROMACS package (37, 38) , using the NPT ensemble (fixed pressure, temperature, and number of atoms) and periodic boundary conditions. The GROMOS96 force field was applied to the protein (39) . Topology and parameter files for TCh were generated using the PRODRG server (http://davapc1.bioch.dundee. ac.uk/cgi-bin/prodrg_beta) with the GROMOS96 force field (40) . The partial charges of TCh, or of mutated TCh, were determined using the ChelpG method (41) implemented in Gaussian98 at the HF/6-31G** level (42) . The pressure was maintained at 1 bar by coupling to a Berendsen barostat with t p ¼ 1.0 ps and a compressibility of 4.5 Â 10 À5 bar À1 (43) . The temperature was kept at 300 K by coupling to a Berendsen thermostat with a coupling time of t T ¼ 0.1 ps (43) . The LINCS method (44) was used to restrain bond lengths, allowing an integration step of 2 fs. The coordinates of the whole system were saved every 500 steps. Electrostatic interactions were calculated using the particle-mesh Ewald algorithm (45, 46) . A cluster method (47) was used to classify the traffic pathways of TCh C . Initially, each of the 40 trajectories in one simulation group was superimposed onto the Ca atoms of the starting structure. For each of the fitted trajectories, the coordinates of the center of mass (COM) of TCh C were calculated at 1-ps intervals. Thus, 20,000 coordinates, snapshots, were generated for the COM of TCh C in each trajectory. The distances of TCh C from the starting position were then calculated based on these COM coordinates. If the distance of the COM of any of the generated TCh C s was found to be %0.3 nm from its starting position, it was considered to be still trapped within the CAS, and its coordinates were excluded from the exit pathway cluster. For coordinates with a distance >0.3 nm from the starting position, those with Dx % 0.01 nm, Dy % 0.01, and Dz % 0.01 nm were clustered and used to generate an averaged position. Connecting these average positions produced a simplified trajectory showing the exit pathway of TCh C . After all the simplified trajectories had been generated, the root mean-square deviation between each pair of trajectories was calculated. If the root mean-square deviation of two such trajectories was <0.45 nm, they were assumed to be close enough to be considered as the same pathway for TCh C . FIGURE 1 Cross-section through the active-site gorge in the crystal structure of a complex of TcAChE with TCh molecules bound at both the CAS and PAS (PDB code 2c5g). The two TCh molecules, TCh C and TCh P , are shown as ball-and-stick models, and the side chains of aminoacid residues situated on putative pathways of ligand trafficking are displayed as stick models. In the case of G441, the main-chain is also shown.
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RESULTS AND DISCUSSION
In this study, three simulation groups are considered, each corresponding to a different binding scenario for the TCh/ TcAChE system: Group I refers to TcAChE with a TCh molecule bound at the CAS, i.e., TChc. Group II refers to TcAChE with a TCh molecule bound at the PAS, i.e., TCh P . Group III refers to TcAChE complexed with two TCh molecules, i.e., both TChc at the CAS and TChp at the PAS.
In the following, the results are presented and discussed for all three simulation groups.
Behavior of TCh C and TCh P during the time course of the simulation
The movements of TCh C and TCh P in the various simulations were evaluated by estimating their distances from their starting positions as a function of time. Fig. 2 shows the time-dependent distances of TCh C and TCh P from their starting positions over the forty 20-ns trajectories in each simulation group. In the 40 trajectories in simulation group I, the displacement of TCh C is for most of the time <0.6 nm, but peaks to~0.9 nm for short time intervals in a few of them (Fig. 2 A) . A histogram shows that the peak of the distribution is at~0.2 nm (Fig. 3 A) . Similar results are obtained for TCh C in simulation group III, except that in two out of the 40 trajectories, brief displacements as high as~1.2 nm are observed (Figs. 2 B and 3 A) .
However, the displacements observed for TCh P in both simulation groups are quite different (Fig. 2 , C and D, and Fig. 3 B) . They reach much higher values, 2 nm or more, and display much more frequent fluctuations with larger amplitudes. The histograms for TCh P shown in Fig. 3 B are not as sharp as those for TCh C . This suggests that a wide range of exit trajectories and/or alternative binding sites is accessible to TCh P . Overall, the data indicate that TCh P dissociates from the PAS frequently and randomly, while TCh C remains for most of the time trapped within the active-site gorge close to the CAS. Eventually, however, TCh C exits the gorge in~75% of the 20 ns trajectories analyzed, in both simulation groups I and III.
Exit of TCh C from the CAS occurs via three routes
The CAS is the site at which TCh is generated as a result of hydrolysis of ATCh by AChE. Thus, the behavior of TCh C along the course of the simulation trajectory is, from a functional perspective, more relevant than that of TCh P . The CAS is buried at the bottom of the active-site gorge, below the bottleneck formed by F330 and Y121. In the crystal structure of the TCh-TcAChE complex, it can be seen that Traffic of Thiocholine within AChEthe phenyl ring of F330 rotates to cover the quaternary moiety of TCh C , thus blocking access to the CAS (Fig. 1) .
To identify the exit routes available to TCh C , both visual inspection using the molecular graphic software VMD program (48) , and a cluster method (described under Methods) were applied to the 40 trajectories in each of simulation groups I and III. Based on the distance distribution of TCh C (Fig. 3 A) , and as confirmed by graphic visualization, a cutoff distance of 0.3 nm was set to indicate whether TCh C had remained within the CAS or had exited. Table 1 shows the statistical results for TCh C within the 80 trajectories in simulation groups I and III.
Three exit pathways for TCh C are seen in both group I and group III (Table 1 and Fig. 4 A) . The first is along the gorge axis (Fig. 5) ; the second is through a channel that opens transiently within the CAS wall adjacent to W84 (Fig. 6) , earlier coined the back-door (19, 22, 23) ; and the third exit pathway is via a channel that opens transiently through the U loop (that is, between residues V71 and D72), further up the active-site gorge, which has been referred to as the side-door (Fig. 4 A) (27) (28) (29) . For TCh C in simulation group I, Table 1 shows that the route along the gorge axis is followed in 1/40 trajectories; in 27/40 trajectories, exit is via the back-door; and exit by the sidedoor is seen in 3/40 trajectories.
In the remaining nine trajectories, the ligand does not exit the CAS during the duration of the simulation. In group III, in 2/40 cases, exit of the ligand is along the gorge axis; in 26/40 cases, exit is via the back-door; in 2/40 cases, exit is via the side-door; and in 10 trajectories, the ligand remains within the CAS. Therefore, in both simulation groups the back-door is the favored route for exit of TCh C from the CAS. The behavior of TCh C in the two simulation groups is quite similar (Table 1 and Figs. 2 and 3) . The difference between groups I and III is that, in the latter, in addition to TCh C bound at the CAS, TCh P occupies the PAS. However, our simulations clearly show that the presence of TCh P at the PAS does not influence the exit frequencies and pathways of TCh C , and the occupation of the PAS by TCh P does not appear to affect the exit of TCh C along the axis of the active-site gorge.
Dissociation of TCh from the PAS is frequent and random
The PAS is located at the rim of the active-site gorge, and has a large surface exposure. Consequently, TCh P can easily exit the PAS, as is seen in both simulation groups II and III (Fig. 2, C and D) . Fig. 4 B shows that release of TCh P occurs randomly in many directions, with the trajectories covering almost all of the area around the PAS. Interestingly, in none of the eighty 20-ns trajectories did TCh P move into the bulk solvent, but always remained attached to the surface of the protein. This is also true for TCh C in those trajectories in which it left the gorge. Electrostatic interactions between TCh and surface residues are most likely responsible for this, an issue further addressed below. It is also noteworthy that while TCh P is observed to move toward the CAS in some simulations, it never actually crosses the bottleneck in any of them. It is possible that a simulation time of 20 ns is too short to capture such an event.
While the presence of TCh P at the PAS does not appear to affect the behavior of TCh C , the opposite is not true. The presence of TCh C at the CAS does influence the residence time of TCh P at the PAS. Fig. 3 B shows that the distance histograms for TCh P in groups II and III are significantly different. TCh P appears to disassociate more frequently from the PAS when TCh C is present at the CAS. One reason might be that the presence of TCh C substantially neutralizes the electrostatic potential along the axis of the gorge (20) , thus decreasing the field restraining TCh P . Such a possibility was already suggested by earlier MD simulations on complexes of AChE with tacrine and huperzine A (27, 28) .
Side-chain flexibility of F330 and W84
F330 and W84 are the two key players in the exit of TCh C along the active-site gorge and through the back-door, respectively (Figs. 5 and 6). F330 was experimentally shown to display high conformational mobility (10, 15, 18) . Crystallographic data provided direct evidence that binding to the CAS of either the substrate, ATCh, or the product, TCh, is accompanied by a rotation of the F330 side chain to an orientation perpendicular to the gorge axis that results in the closing of the gorge (5). It is thus conjectured that the exit of TCh C up the activesite gorge requires that the F330 side chain reverts to its open conformation, with an orientation parallel to the gorge axis. In order to investigate whether and how the exit of TCh C along the axis of the active-site gorge is correlated with the side-chain conformations of F330 and Y121, namely, the two bottleneck residues, their c 1 and c 2 angles were plotted as function of simulation time for one of the two trajectories in which migration of TCh C from the CAS to the PAS had been observed (simulation group III; Fig. 7 A) . The c 1 and c 2 angles of Y121, and the c 1 angle of F330, are stable along the simulation trajectory, whereas the c 2 angle of F330 exhibits large fluctuations. Snapshots along this MD trajectory are shown in Fig. 5 . They provide evidence that exit of TCh C along the axis of the active-site gorge is directly associated with changes in the side-chain conformation of F330.
At the start of the simulation, the aromatic ring of F330 caps the quaternary moiety of TCh C , with which it interacts through a cation-p interaction. After 2 ns, TCh C has moved toward the bottleneck, with concomitant initiation of sidechain rotation of F330. As TCh C moves further up the gorge, the side chain of F330 achieves its open conformation, resulting in a widening of the bottleneck, thus allowing the passage of TCh C . This correlates with the observation of the distance of TCh C jumping from~0.3 to~0.6 nm just a few hundred picoseconds after the reorientation of the F330 side chain (i.e., the second and the third bars in Fig. 7 A) . Thus, the exit of TCh C , when it occurs along the axis of the active-site gorge, critically depends on the conformation of the side chain of F330. Fluctuations in the c 2 angle of F330 are observed even after TCh C has passed the bottleneck, in agreement with earlier studies that revealed the intrinsically high conformational freedom associated with this angle (5,10,12,15-18) .
Our simulations also confirm that TCh C can exit the CAS via the proposed back-door, adjacent to W84. It is noteworthy that this is the principal exit pathway for TCh C in both simulation groups I and III. Fig. 6 , A and B, illustrates the sealing of the back-door by the side chain of W84 in the native TcAChE structure. We investigated the putative correlation between the side-chain conformation of W84 and the movement of TCh C through the back-door by examining changes in the c 1 and c 2 angles of the side chain of W84 and the distance of TCh C as a function of simulation time (Fig. 7 B) . Both c 1 and c 2 angles changed during the 20-ns simulations in which TCh C exited via the back-door, with the changes in c 1 being larger than those in c 2 . Notably, a sharp change of~120 in c 1 preceded the increase in the distance of TCh C . From inspection of the snapshots in Fig. 6 , it is appears that the rotation of W84 c 1 is important for exit of TCh C to occur through the back-door.
Electrostatic interactions between TCh and TcAChE
As mentioned in the Introduction, extensive studies have been carried out to calculate the electrostatic potential along the active-site gorge, and to explore the effect of the potential gradient on the traffic of charged ligands (19) (20) (21) 49, 50) . Here, we analyze how individual acidic residues affect the movement of TCh bound at the CAS or at the PAS, of TCh C and TCh P . Electrostatic interactions that might affect clearance of TCh C and TCh P from the CAS and the PAS, respectively, were examined by calculating the minimal distance between their quaternary nitrogen atoms and the carboxylate oxygen atoms of acidic residues lining the gorge and on the surface adjacent to the mouth of the gorge. Table 2 lists the frequency of such interactions in the three simulation groups, using a cutoff distance of 0.6 nm.
The interactions were measured based on snapshots extracted every picosecond along the trajectories, yielding a total of 800,000 snapshots for each simulation group. The calculations show that the carboxyl groups of D72, E73, E199, D276, D285, E327, E443, and E445 interact electrostatically with TCh C , while those of D72, E73, E82, E247, E273, D276, E278, and D285 interact with TCh P . Among these residues, E199 and D285 have the highest interaction time with TCh C and TCh P , respectively. Interestingly, D72, a residue located midway up the gorge, is that with the second highest capacity to interact electrostatically with both TCh C and TCh P . Fig. S1 in the Supporting Material displays locations of the acidic residues interacting with the two TCh molecules: E73, E247, E273, D276, and D285 are on the surface of the protein around the rim of the gorge; D72 and E278 are above F330, and are thus assigned to the PAS; E199, E327, and E443 are at the bottom of the gorge, close to the CAS; E445 is a solvent-exposed residue, located on the outside of the back-door.
Combination of the data on the traffic of TCh C and of that on its electrostatic interactions with acidic residues point to E199 being the major contributor to the electrostatic attraction of TCh C , a fact that may explain why TCh C remains at the CAS during most of the simulation time. The observation that the shortest distance between both E199O31 and E199O32 and the quaternary nitrogen atom of TCh C is only~0.3 nm, may explain the strong tendency of TCh C to remain within the CAS for a prolonged period. The exit of TCh C from the CAS involves interactions with both Cutoff for the maximal distance between the quaternary nitrogen and the carboxyl oxygen is 0.6 nm.
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E199 and E445 if it exits via the back-door, and with E199 and D72 if it exits via the gorge axis. It is plausible that when rotation of the side chain of F330 opens the bottleneck, the negative charge of D72 will attract TCh C toward the rim of the gorge. Analogously, after the required conformational change in the side chain of W84 has taken place, electrostatic attraction by E445 may assist exit of TCh C via the back-door. The data presented in Fig. 4 B suggest that TCh P does not move into the bulk solvent after its exit from the PAS, but instead remains on the protein surface. The calculation of minimal distances between the quaternary nitrogen of TCh P and the carboxyl oxygen atoms of aspartate and glutamate residues indicates that TCh P makes strong electrostatic interactions with acidic residues on the protein surface. In the native protein, most of these interactions are with D285 (Table 2 and Fig. 8 ). To verify whether the electrostatic interaction with D285 is the main force that maintains TCh P tethered to the protein surface, the charges of its carboxyl oxygen atoms were set to zero at the beginning of an independent 20-ns simulation.
In this simulation, instead of remaining on the protein surface near D285 (as in Fig. 8 A and in the blue trajectory, upper left, in Fig. 8 B) , TCh P moved to another surface area, behind the back-and side-doors, making a strong electrostatic interaction with E82 (Fig. 8 A, and in the green trajectory, upper right, in Fig. 8 B) . In an additional simulation, the charges of the five acidic residues that interact strongly with TCh P , i.e., D72, E73, E273, E276, and D285 (see Table 2 ), were all neutralized. Consequently, TCh P interacted with E247, a residue also located at the mouth of the active site gorge, and remained in its vicinity throughout most of the duration of the simulation (Fig. 8 A, and in the yellow trajectory, lower left, in Fig. 8 B) . We went on to design two extreme scenarios, in which either all the acidic residues of the protein were neutralized, or the charge of TCh P was abolished.
In the former case, TCh P moved into the bulk solution within a few nanoseconds (Fig. 8 A, and in the red trajectory, lower right, in Fig. 8 B) and did not reassociate with the protein. In the latter, the mutated TCh detached from the protein surface within~37 ns (Fig. S2 ). This set of independent simulations thus confirms that electrostatic attraction to acidic residues at the gorge entrance, notably E285, is the main force that tethers TCh P in its vicinity and prevents its movement into the bulk solvent. Our findings are not in good agreement with experimental mutagenesis data that revealed only a modest contribution of surface electrostatic residues to the catalytic efficiency of AChE (51) ; this discrepancy may, however, be due to fact that the experimental data were acquired at higher ionic strength and on much longer timescales than our simulation data.
CONCLUSIONS
Multiple conventional MD simulations were utilized to study the traffic of the enzymatic hydrolysis product, TCh, within the active-site gorge of TcAChE. Overall, our results are in good agreement with experimental data obtained in kinetic and kinetic-crystallography studies. To our knowledge, this is the first computational study to show that the hydrolysis product can exit through back-and side-doors, and not only through the active-site gorge. Thus, MD simulations provide a fast and accurate theoretical approach for studying the traffic of substrates, products, and other ligands within enzymes and other proteins.
SUPPORTING MATERIAL
Two figures are available at http://www.biophysj.org/biophysj/ supplemental/S0006-3495(10)01365-2. FIGURE 8 MD trajectories for movement of TCh P in native and mutated TcAChE in which acidic residues had been neutralized. (A) The movement of TCh P as extracted, at 200-ps intervals, from four MD trajectories, is shown, with the individual balls representing the nitrogen of TCh P . The blue trajectory is that of one of the forty trajectories in simulation group III. The simulation conditions in the other three trajectories were similar to those for the blue trajectory, except that the charges of side-chain carboxyl oxygen atoms were set to zero for D285 (green trajectory), for D72, E73, E273, E276, and D285 (yellow trajectory), and for all aspartate and glutamate residues (red trajectory). The molecular surface of the protein (PDB code 2c5g) is displayed in light gray, and the lines of the simulation box are depicted in green. (B) The distance of TCh P from its binding site at the PAS in the four trajectories displayed in Fig. 8 A, with the same color coding (blue, green, yellow, and red).
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